Spiroplasma strain AES-1, which was isolated from the salt marsh mosquito Aedes sollicitans, is the monotypic representative of group X. This strain differed in serological reactivity, growth pattern, and morphology from previously described spiroplasmas. Most cells of strain AES-1 were nonhelical; helical cells were about 1 to 2 p m long and rarely had more than one or two turns. Optimal growth occurred at 31°C; no growth was observed at 37°C. Cholesterol and amino acids were required for growth. Strain AES-1 utilized glucose, fructose, mannose, mannitol, and trehalose in the chemically defined CC-494 medium, failed to hydrolyze arginine and urea but reduced tellurite either aerobically or anaerobically, and was susceptible to digitonin. Polyacrylamide gel electrophoretic patterns of the cell proteins of strain AES-1 were distinctive and were characterized by a major low-molecular-weight protein band. The guanine-plus-cytosine content was 26.6 mol% as determined by thermal denaturation. Serological studies, using growth inhibition, deformation, and metabolism inhibition tests, showed that strain AES-1 was distinct from all recognized spiroplasma groups and subgroups, including the six named Spiroplasma species; avidin-biotin-peroxidase enzyme-linked immunosorbent assays showed that strain AES-1 was unrelated to S. citri, S. melliferum, S . kunkelii, S . JEoricola, and S . apis. Strain AES-1 is the first to be characterized biochemically in a chemically defined medium. We propose that strain AES-1 (ATCC 35112) be designated as the monotypic representative of a new species, Spiroplasma culicicola sp. nov.
Spiroplasma sp. strain AES-1 was isolated from the salt marsh mosquito Aedes sollicitans in 1981 (40) . More recent isolations of spiroplasmas in the French Alps (lo), Alabama (38a), and Hawaii (L. Rosen, personal communication) suggest that species of this genus may be widespread in mosquitos. Strain AES-1 was designated (49) as group X in a revised (47, 49) classification (27) of the genus Spiroplasma (39, 46) . We characterized strain AES-1 according to criteria (25) proposed by the International Committee on Systematic Bacteriology Subcommittee on Taxonomy of Mollicutes. In this paper, we describe the characteristics of strain AES-1 and propose that it be recognized as the type strain of a new Spiroplasma species.
MATERIALS AND METHODS
Origin of isolate. Strain AES-lT was isolated from a salt marsh mosquito in New Jersey in 1981 by Slaff and Chen (40) in R-2 medium, a modification of the C-3G medium (29) consisting of 150 g of PPLO broth base (Difco Laboratories, Detroit, Mich.), 100 g of sucrose, and 150 ml of horse serum per liter. The isolate was triply cloned by plating on solid R-2 medium with 1% Noble agar.
Other spiroplasmas were employed in comparative tests with strain AES-lT. The history and origin of most of these strains have been described (37) . These strains included the Maryland flower spiroplasma (ATCC 33502, subgroup 1-6); strain N525 of the Cocos spiroplasma (ATCC 33287, subgroup 1-7); strain P40T of Spiroplasma phoeniceum (ATCC 43115, subgroup [1] [2] [3] [4] [5] [6] [7] [8] ; the WSRO strain of Drosophila sex ratio organism (group 11); the OBMG (ATCC 33221) and 23-6T (ATCC 29984) strains of S . floricola (group 111); the B31T (ATCC 33834) and SR3 (19) strains of Spiroplasma upis (group IV); Spiroplasmu mirum SMCAT (ATCC 29335); the Y32 Ixodes spiroplasma (ATCC 33835, group VI); Monobia spiroplasma strain MQ-1 (ATCC 33825, group VII); syrphid spiroplasma strain EA-1 (ATCC 33826, group VIII); Cotinus spiroplasma strain CN-5 (ATCC 33827, group IX); and Monobia spiroplasma strain MQ-4 (ATCC 35262, group XI).
Culture media. R-2 medium was used for cultivation of strain AES-1, S . apis SR3, and for all strains used in enzyme-linked immunosorbent assay (ELISA) tests. S . mirum and group VI spiroplasmas were cultivated in SP-4 medium (44); other spiroplasmas, including (in some experiments) strain AES-1, were cultivated in M1D medium (26, 45) . Defined medium CC-494 (9) was used in biochemical and nutritional studies.
Filtration and temperature requirements. A logarithmicphase culture of strain AES-1 was passed through a series of membrane filters with graded pore diameters (450 to 220 nm) by means of a hypodermic syringe and minimum hand pressure. Each filtrate was incubated in R-2 medium at 30°C. The tubes were examined for growth and color change. Temperature requirements were determined by inoculating R-2 and CC-494 media with about 10 color-changing units (CCU) per ml and incubating the cultures at 25,31, and 37°C.
Morphological studies. Logarithmic-phase cultures of strain AES-1 were used for negative staining and examination by electron microscopy. The cultures were fixed with 1.5% glutaraldehyde for 2 h and then stained (15) with 5% ammonium molybdate (pH 7.1 to 7.4). For thin sections, the organisms were concentrated by centrifugation and were subsequently fixed with 1% glutaraldehyde for 2 h, dehydrated with ethanol, and infiltrated with Spurr embedding medium (41) . Sections were cut with a diamond knife and stained with 4% uranyl acetate (in 50% ethanol) followed by 2% lead citrate.
Sterol requirement. The growth response (36) to cholesterol was determined by growing strain AES-1 in the chemically defined CC-494 medium with cholesterol deleted or in serum-free R-2 medium. Growth inhibition by digitonin (23) was assessed in R-2 medium with 1% agar. A sterile filter paper disk (0.65 cm in diameter) saturated with 5 pl of 1.5% digitonin in ethanol solution was placed in the center of the agar medium. Approximately lo5 colony-forming units of strain AES-1 was inoculated, and the agar was allowed to dry. Zones of inhibition were measured after aerobic incubation at 31°C for 5 days.
Nutritional requirements. Strain AES-lT survived seven passages in CC-494 in which 30 pl of inoculum was added to 2.5 ml of fresh medium at each passage. S . citri Maroc R8A2 and S . melliferum BC-3 were cultured in the same way to serve as negative and positive controls, respectively.
Sole carbohydrate sources were tested in ribose-and deoxyribose-free CC-494 medium (9) Amino acids were added to amino acid-free medium CC-494 in the following groups: glucogenic (14 amino acids); ketogenic (3 amino acids); glucogenic and ketogenic (3 amino acids); uncharged nonpolar R group (8 amino acids); uncharged polar R group (7 amino acids); positively charged polar R group (3 amino acids); negatively charged polar R group (2 amino acids); and all of the 20 amino acids of the CC-494 medium (8). The concentration of each supplemented amino acid was the same as that in medium CC-494. For amino acid identities, see Table 3 .
Arginine at a concentration of 1% (wt/vol) was used in medium CC-494; glucose, ribose, and deoxyribose were absent from the formulations. Growth in this medium, as evidenced by a basic pH shift, was assumed to indicate the presence of the arginine dihydrolase pathway.
Biochemical tests. The ability of strain AES-1 to ferment glucose or utilize urea was tested by replacing sucrose in CC-494 medium with 10% (wt/vol) of the test substrate. All media were adjusted to pH 7.4 and sterilized by passage through 450-nm (pore size) filters. The procedures used to determine reduction of tetrazolium, tellurite, and methylene blue and gelatin hydrolysis were performed by the method of Aluotto et al. (2) . Previously published procedures were used for phosphatase determination (6), film and spot production (22), and tests for the ability of colonies to hemadsorb guinea pig erythrocytes (32) .
Serological tests. Rabbit antisera were prepared as previously described (43) . Some antisera were also prepared in BALB/c mice. Spiroplasma cells for immunizing antigen were cultured in 400 ml of R-2 medium. Logarithmic-phase cells were harvested by centrifugation (27,000 x g, 30 min) and washed three times with phosphate-buffered saline (pH 7.0). The pellets were then suspended in 4 ml of buffered saline, subjected to freezing and thawing three times, and homogenized with an ultrasonicator. The homogenate was stored at -20°C for use as an antigen. The protein concentration of antigens was determined by using the Bio-Rad protein assay method (Bio-Rad Laboratories, Richmond, Calif.). In the assay, 0.1 ml of antigen sample was mixed with 5 ml of diluted (1:4 [vol/vol]) dye reagent. After 5 min to 1 h, the optical density at 595 nm was determined, and the concentration of protein in each sample was determined from a known standard curve. Prior to immunization of the mice, the antigen was emulsified in Freund complete adjuvant at 2:3 (vol/vol) ratio in a 5-ml tube, using a Vortex mixer.
Female BALB/c mice received 200 pg of protein per intraperitoneal injection of antigen weekly for 4 weeks. Ehrlich-Lettre ascites carcinoma (11) cells (106/ml) were injected intraperitoneally to induce ascites fluid 24 days after the first injection. Mice were examined every 2 to 3 days for the appearance of a swollen abdomen. A booster injection of the antigen was given on day 30, and 3 days later the ascitic fluid was withdrawn from the peritoneal cavity with a 21-gauge needle. The collected fluid from each group of three mice was pooled and then centrifuged at 1,000 x g for 20 min to remove the fibrin clot and peritoneal cells.
Immunoglobulin G (IgG) was prepared by methods previously used (38) for purification of monoclonal antibodies from ascitic fluid. The protein content of IgG preparations was determined by the Bio-Rad protein assay.
Avidin-biotin-peroxidase ELISA. Antigens and IgGs of S . citri Maroc R8A2, S . melliferum AS 576, S . kunkelii 1-747, S . floricola 23-6, S . apis SR3, and strain AES-1 were prepared as described previously (31) . Reciprocal avidin-biotin peroxidase ELISA tests (3, 24) were performed to determine the serological relationships between strain AES-1 and the other spiroplasmas. The titer of each IgG against the homologous antigen was determined by the ELISA tests. Thus, antigen and IgG concentrations used in the studies were predetermined. Biotinylated goat anti-mouse IgG was purchased from Vector Laboratories, Inc., Burlingame, Calif. The Gilford PR-50 automatic analyzer system was used in assessing the ELISA reactions. To obtain optimal reactions between antigens and antibodies, it was necessary to standardize protein concentrations of antigens and antibodies (IgG). Best results were obtained when protein contents of IgG and antigens were 1 to 2 pg/ml and 10 to 20 pg/ml, respectively.
Growth inhibition, metabolism inhibition, and deformation tests. The growth inhibition test (48) was performed by the method of Clyde (14) , in some cases as modified by Chen and Chen (11) . Spiroplasma cultures and IgG were prepared as described above. Numbers of helical spiroplasma cells in cultures were calculated by the Liao and Chen (29) modification of standard enumeration techniques. The inoculum was standardized to obtain approximately lo3 to 2 x lo3 spiroplasma colonies per 5-cm-diameter petri dish. Metabolism inhibition and deformation tests were performed as previously described (50) .
Polyacrylamide gel electrophoresis of cell proteins. Antigen preparations of S . citri, S . melliferum AS576, S . kunkelii 1-747, S . floricola 23-6, S . apis SR3, and strain AES-lT also were used as protein samples for one-dimensional polyacrylamide gel electrophoresis (18, 34). Since different protein concentrations stain differently on gels, five protein samples diluted with buffer (vol/vol) in ratios of 1/4, 1/6,1/8,1/10, and 1/12 were used after being heated in a water bath at 95°C for 4 min to inactivate the proteolytic enzymes. Polyacrylamide gels were prepared by using the Bio-Rad protein slab cell operating instructions. Samples were run for 4 h under 40 mA (constant voltage) and stained with Bio-Rad silver stain. 
nd n n n n n n n n n n n n n n n n n n n n n n n ND' n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n
n n n n n n n n n n n n n n n n n n n n n n n n ND n n n n n n Genomic analysis. Deoxyribonucleic acid (DNA) was extracted from AES-1 cells from a logarithmic-phase culture and purified by the Liao and Chen (29) modification of the Marmur method (33). The purity of the extracted DNA was checked with a spectrophotometer at 260 and 280 nm. The E260/E280 ratio was between 1.7 and 2.0; the final concentration of DNA was determined by using an extinction coefficient (0.1%, 260 nm, 1 cm) of 20. The DNA melting point (T,) was used to determine the guanine-plus-cytosine (G+C) content with a thermospectrometer. The G+C ratio was calculated by the equation T, = 69. 3 
+ 0.41 (G+C) (28).
DNA extracted from Escherichia coli was used as a control in this experiment. The G + C content also was determined by the buoyant density method described by Carle et al. (7) .
RESULTS
Morphological, nutritional, serological, protein electrophoretic, and genomic analyses led to the conclusion that the newly isolated mosquito spiroplasma strain AES-1 represents a new spiroplasma species.
Results of reciprocal deformation, growth inhibition, and metabolism inhibition tests with strain AES-1 and representatives of the 10 recognized spiroplasma groups and 8 recognized subgroups are given in Table 1 . Strain AES-1 was shown to be distinct by each of these tests from all previous recognized spiroplasma groups and subgroups.
When performed with standardized protein concentrations, differences among spiroplasma subgroups and groups could be easily detected by the ELISAs ( Table 2) . Readings of heterologous reactions between groups ranged from 0.01 to 0.001 when IgG protein was fixed at 1 to 2 pg/ml and were 1 to 0.1 when IgG protein was 10 to 20 pg/ml. Heterologous reactions among subgroups were higher than those obtained between groups: 1 to 2 when IgG proteins were 1 to 2 pg/ml and 2 to 3 when 10 to 20 pg of IgG proteins per ml was used. These ELISA tests confirmed the distinctiveness of strain AES-1 in relation to other spiroplasma groups.
Banding patterns of cell protein from strain AES-1 and other Spiroplasma species are shown in Fig. 2 . Strain AES-1 differed from other tested spiroplasma species. The major protein of strain AES-1 was of low molecular weight. For strain AES-1 we propose the following new species.
Description of Spiroplasma culicicola sp. nov. Spiroplasma culicicola (cu.li'ci.co.la; M. L. n. Culicidae, family name of mosquitoes, to denote family of insect host). Cells pleomorphic, but commonly helical, 1 to 2 pm in length with one to two turns, rarely 3 to 10 pm in length. Negatively stained cells of strain AES-1 and photographs of ultrathin sections in electron microscopy are shown in Fig. 1 . Cells lack true cell walls and periplasmic fibrils. Motile. Typical "fried egg"-shaped colonies are produced on solid R-2 medium prepared with 1% Noble agar. Primary colonies usually are surrounded by satellite colonies. Grows in R-2 medium with a doubling time of about 66 min; grows well at 25 and 31"C, with optimal growth at 31°C. The growth is significantly faster in R-2 than CC-494 medium. Viability is lost at 37°C in R-2 broth medium. Passes readily through membrane filters with pore diameters of 450 and 220 nm. Glucogenic acids were alanine, arginine, asparagine, aspartic acid, cysteine, glutamic acid, glutamine. glycine, histidine, methionine, proline, serine, threonine, and valine.
Ketogenic acids were leucine, lysine. and tryptophane. " Glucogenic and ketogenic acids: isoleucine, phenylalanine, and tyrosine. <' Uncharged nonpolar R group acids were alanine. isoleucine, leucine, ' Uncharged polar R group acids were asparagine, cysteine, glutamine, methionine, phenylalanine, proline, tryptophane, and valine. glycine, serine, threonine, and tyrosine.
Positively charged polar R group: arginine, histidine, and lysine.
' ' Negatively charged polar R group: aspartic and glutamic acid.
No growth in serum-free medium or in CC-494 defined medium without cholesterol. Failure to grow in cholesterolfree CC-494 is contrasted with the ability to grow in the complete medium. On inoculated agar plates with digitoninimpregnated filter paper disks, average inhibition zones are 8 to 11 mm. Sterol is required for growth.
Utilizes and ferments glucose, fructose, mannose, trehalose, and maltose, but not sucrose, raffinose, galactose, mannitol, sorbitol, lactose, and starch added as the sole carbohydrate to medium CC-494. With arginine as the sole energy source in the medium, no growth is produced in the first subculture, indicating that the arginine dihydrolase pathway is absent. In the defined CC-494 medium, maximum cell yield is obtained when all 20 amino acids are supplied (Table 3) . However, good growth is produced in a defined medium supplemented with only two negatively charged polar R group amino acid (aspartic and glutamic acid) or three glucogenic and ketogenic amino acid combinations.
No growth with arginine or urea instead of glucose in the defined CC-494 medium. Tellurite is reduced in aerobic and anaerobic cultures. After potassium tellurite agar plates are inoculated with an inverted agar block exhibiting dense growth, true black coloration of colonies is observed microscopically. Methylene blue is not reduced in either aerobic or anaerobic cultures. Phosphatase negative. Film and spot reaction positive. Agar colonies do not hemadsorb guinea pig erythrocytes.
Isolated from salt marsh mosquito (Aedes sollicitans) in New Jersey. The G+C content of DNA is about 26 mol% (T,) and 26.7 mol% (buoyant density).
Type strain is AES-1 (ATCC 35112).
DISCUSSION
Serologic (19, 20, 47, 49) and electrophoretic (18, 34) data have proved to be especially useful for discrimination among spiroplasma species. Tully et al. (42a) have shown by deformation, metabolism inhibition, and growth inhibition serological tests that strain AES-1 is different from other putative groups, including especially the group XI1 beetle spiroplasma, the group XI11 spiroplasma S . sabaudiense (l), and the group XVI and XXII mosquito spiroplasmas.
In one-dimensional gel electrophoresis, strain AES-lT had a protein pattern that differed from that of other spiroplasmas tested. One band, representing a low-molecular-weight protein, was unique for strain AES-lT. Although the character and function of this protein is not yet known, it may be possible to use protein from this band as an immunogen to obtain an IgG specific to S . culicicola.
Unlike some spiroplasmas (9, 19, 42) , S . culicicola was unable to hydrolyze arginine. Clark et al. (13) have recently shown that certain strains of S . rnelliferum isolated and maintained in media high in carbohydrates fail to hydrolyze arginine, in contrast to many strains maintained in media with high free amino acids. Like S . rnelliferurn, S. floricola, and S. apis SR3, S . culicicola could utilize fructose, mannose, and trehalose (9). Since trehalose is the major disaccharide found in insect hernolymph, the utilization of trehalose by these species is understandable. Of the tested spiroplasmas, only S . culicicola utilized maltose. Although spiroplasma host ranges have no role in classification, the carbohydrate utilization patterns of spiroplasmas may nevertheless reflect important parameters of their ecologies.
S . culicicola required 20 amino acids for optimal growth in CC-494 defined medium and could grow in a medium supplemented with only two negatively charged polar R group amino acids (aspartic and glutamic acids) or with any of the eight amino acid combinations used in this study. S . rnelliferurn, in contrast, required at least seven uncharged polar R group amino acids in the medium (9) . This suggests that S . culicicola can transaminate amino acids more readily than S . rnelliferurn and, perhaps many other spiroplasmas.
The G+C content of S . culicicola as determined by T,,, was 25.6 mol%, which is similar to the values of 25 to 27 mol% reported (4, 5, 13, 21) for $. citri, $. kunkelii, S . mellij'erurn, and S . jloricola.
The avidin-biotin-peroxidase ELISA method showed remarkable sensitivity and minimal background absorbance.
The high sensitivity of this test is a consequence of the presence of multiple biotin molecules in association with the secondary antibody and the formation of an avidin-biotinperoxidase complex. In our experience, the protein concentrations of both antigens and antibodies affect the accuracy of this method. Excellent results were obtained when antigen and IgG proteins were standardized at 10 to 20 Fg/ml and 1 to 2 Fg/ml, respectively. Under these conditions, homologous and heterologous reactions showed great differences. Because the ELISA data are quantitative and continuous, the method may eventually prove useful not only for recognition of spiroplasma groups and subgroups, but also for determination of degrees of relatedness of subgroups. However, unlike the deformation, metabolism inhibition, and growth inhibition tests, which tend to differentiate subgroups with totally negative cross-reactions among heterologous groups, the spectrophotometric readings in the ELISA test often suggested distant cross-reactions among groups. This test may prove useful for spiroplasmas other than S . culicicola, whose morphology makes their study by deformation serology difficult or impossible.
It is necessary to consider the behavioral changes of A . sollicitans during its adult life (16, 17) to interpret the ecology of S . culicicola. Salt marsh mosquitoes can travel great distances during the spring, obtaining food from various flowers. During the summer, however, when spiroplasmas were isolated from these insects, their activities are primarily confined to salt marshes. Although spiroplasmas may have diverse patterns of interactions with their insect hosts (12, 3 3 , we do not know at this time whether S . culicicola affects its mosquito host adversely.
